We aimed to investigate the impact of hepatitis B virus (HBV) DNA on the development of hepatocellular carcinoma (HCC). We conducted a case/control study based on 506 chronic HBV patients followed up since 1997. Forty-one patients developed HCC, and each of them was age and gender matched with two simultaneously recruited controls without HCC. HBV DNA was measured at the initial visit, at yearly intervals, and at the last visit. Patient age at the time of HCC development was 55 ؎ 9 years. Forty-nine (40%) patients experienced antiviral treatment. The median time from diagnosis to the development of HCC was 17 months, and the control patients were followed for 92 months. At the trough level (defined as lowest level among all studied visits), more (27 patients; 66%) HCC patients had HBV DNA levels of >10,000 copies/ml than the controls (17 patients; 21%). The area under the receiver operating characteristic curve of the trough log HBV DNA level for HCC was 0.79 (95% confidence interval [CI], 0.69 to 0.89). Trough log HBV DNA (odds ratio, 11.4; 95% CI, 3.6 to 37.6; P < 0.0001) and liver cirrhosis (odds ratio, 11.4; 95% CI, 3.6 to 36.2; P < 0.0001) levels were independently associated with HCC after an adjustment for age, gender, antiviral treatment, and HBV genotype. The difference in the trough HBV DNA level was more obvious among untreated patients (5.7 ؎ 1.4 log copies/ml in HCC patients versus 3.2 ؎ 1.3 log copies/ml in control patients; P < 0.0001) than among those who had received antiviral treatment (3.0 ؎ 1.4 log copies/ml in HCC patients versus 2.5 ؎ 0.9 log copies/ml in control patients; P ‫؍‬ 0.38). A high trough HBV DNA level was associated with a higher risk of HCC. Whether antiviral treatment could prevent HCC was uncertain.
Chronic hepatitis B virus (HBV) infection is the commonest cause of hepatocellular carcinoma (HCC) in Southeast Asia
. In addition to the host factors, including an older age and male gender, viral factors such as being positive for HBV e antigen (HBeAg) and having high HBV DNA levels, genotype C HBV (particularly subgenotype Ce), and basal core promoter mutations have been suggested to associate with a higher risk of HCC (7, 9, 10, 11, 14, 28) . In several cohort studies in Taiwan, China, and Hong Kong, a single high HBV DNA level higher than 4 log to 4.5 log copies/ml was associated with an increased HCC risk in the subsequent 10 years (7, 9, 10, 11) . In addition, patients who had persistently high HBV DNA levels at the last follow-up visit also had an increased risk of developing HCC (10) . In all previous studies, there was no information on the HBV DNA levels during the years between the first and last follow-up visits. As HBV DNA levels tend to fluctuate, particularly in HBeAg-negative patients, an assessment at a single time point cannot accurately reflect the severity of liver disease (6, 12, 13) .
In recently published management guidelines, antiviral treatment is recommended in patients with liver cirrhosis when the HBV DNA level is higher than 4 log copies/ml (15, 21, 23) . This recommendation was based primarily on a multicentered, placebo-controlled trial among Asian chronic HBV patients who suffered from severe liver fibrosis (20) . In this study, lamivudine treatment was demonstrated to reduce the risk of liverrelated complications in 3 years. However, the benefit of prevention of HCC development among lamivudine-treated patients became dubious after excluding patients who developed HCC within the first year. In an Italian series, HBV DNA suppression by lamivudine and adefovir could not prevent the development of HCC among patients with decompensated liver cirrhosis (18) .
In this study, we aimed to investigate the impact of changes in HBV DNA on the development of HCC, either in the natural course of disease or as a result of antiviral treatment. To address this question, we studied the HBV DNA levels at different time intervals of follow-up among a cohort of chronic HBV patients before the development of HCC compared to those of simultaneously recruited controls.
MATERIALS AND METHODS
Patients. This case/control patient study was based on two cohorts of patients followed up at the hepatitis clinic at Prince of Wales Hospital. One cohort consisted of 426 consecutive chronic HBV patients who were recruited between December 1997 and July 2000 and were followed up thereafter (1, 7) . Another cohort consisted of 80 chronic HBV patients who have participated in a placebocontrolled, randomized trial of lamivudine since 1999 (20) . All patients were ethnically Chinese and were positive for HBV surface antigen for over 6 months. All patients had no history of alcoholism over 20 g per week or hepatitis C virus coinfection. Patients who had other possible causes of hepatitis or liver cirrhosis, including autoimmune liver disease, primary biliary cirrhosis, Wilson's disease, and hemochromatosis, were also excluded. At initial presentation, an ultrasound of the abdomen was performed to exclude any preexisting HCC. Patients were prospectively followed up every 3 to 6 months, or more frequently if clinically indicated, with monitoring of liver biochemistry and HBeAg and anti-HBe status as well as alpha-fetoprotein levels. An ultrasound of the abdomen, computerized tomography, hepatic angiogram, and/or liver biopsy would be performed when-ever the alpha-fetoprotein level was on a rising trend over 20 g/liter to confirm the diagnosis of HCC. For patients with normal alpha-fetoprotein levels, an ultrasound of the abdomen was performed every 1 to 2 years. Clinical liver cirrhosis was defined as ultrasonic features of liver cirrhosis plus evidence of hypersplenism (splenomegaly with a platelet count of less than 100 ϫ 10 9 /liter or a white cell count of less than 4 ϫ 10 9 /liter), clinical ascites, varices, and/or hepatic encephalopathy (1) . Antiviral treatment was started according to the physician's decision or the clinical trial protocol.
The database was frozen on 30 December 2007. Forty-one patients developed HCC during the follow-up period. For each case patient, we randomly selected two control subjects from the same cohort of chronic HBV patients who were alive and had not been diagnosed with HCC throughout the follow-up period. As the age of the patient at the time of HCC development is a major confounding factor, the control subjects were individually matched to the case patients by the gender and age of the patient at the last follow-up (or when HCC was diagnosed) within 5 years. In other words, these patients were recruited at the same period of time, with the time of HCC diagnosis matched to that of the last follow-up of the controls. Other clinical factors, including liver cirrhosis and antiviral treatment, were not matched due to an insufficient number of matched patients to serve as controls in our database. HBV DNA was measured at the initial visit, at yearly intervals, and at the last follow-up visit (or when HCC developed if serum samples were available).
Laboratory tests. Residual serum samples were stored in a Ϫ80°C freezer. HBV DNA was measured in the initial visit, then every year until the last follow-up visit. HBV genotyping was performed with the initial serum sample at the time of patient enrollment. HBV DNA was extracted by using a Qiagen QIAamp DNA minikit (Qiagen, Inc., Chatsworth, CA) according to the instructions of the manufacturer.
Serology assays. HBV surface antigen (HBsAg) and anti-hepatitis C virus antibodies (third-generation assay) were tested using commercially available enzyme-linked immunosorbent assay kits (Abbott GmBH Diagnostika, Wiesbaden-Delkenheim, Germany). HBeAg and anti-HBe were measured by using an enzyme-linked immunosorbent assay (Sanofi Diagnostics, Pasteur, France).
HBV DNA. HBV DNA was quantified by using a TaqMan real-time PCR assay as described previously (3, 22) . This assay was standardized by serial dilution of EUROHEP genotype D HBV standard which contained 2.7 ϫ 10 9 viral copies/ ml. The range of HBV DNA detection was from 10 2 to 10 9 copies/ml with a correlation coefficient of the standard curve routinely greater than 0.990.
HBV genotyping. HBV genotyping was determined by PCR amplification and restriction fragment length polymorphism as described previously (4) . All samples with inconclusive findings were confirmed by bidirectional sequencing of the HBV surface gene and compared to the published sequences in GenBank (9) .
Statistical analysis. Statistical analysis was performed by using SPSS version 13.0 (Chicago, IL). Continuous variables were expressed as the mean with the standard deviation or the median with the interquartile range as appropriate. HBV DNA and alanine aminotransferase (ALT) levels were analyzed at the first visit, the peak, the trough, and the last visit (or the visit when HCC was first diagnosed). The peak level was defined as the highest level of HBV DNA and ALT among all the studied visits, and the trough level was defined as the lowest level of HBV DNA and ALT among all the studied visits. Continuous variables were compared by using Student's t test or the Mann-Whitney U test as appropriate, and categorical variables were compared by using the chi-square test. Logistic regression analysis was used to determine the independent effects of HBV DNA and liver cirrhosis on the risk of HCC. The area under the receiver operating characteristic (ROC) curve (with a 95% confidence interval [95% CI]) was used to evaluate the predictive levels of HBV DNA and ALT to diagnose HCC. All statistical tests were two-sided, and P values of less than 0.05 were considered statistically significant.
RESULTS
Clinical characteristics. The age of patients at the time of HCC development in the case cohort was 55 Ϯ 9 years. One hundred two (83%) of the patients were male. Thirteen (32%) case patients and 36 (44%) control patients had experienced antiviral treatment. Twelve HCC patients had received lamivudine treatment, which was changed to/supplemented with adefovir for 4 patients and changed to entecavir for 1 patient, and one HCC patient had received telbivudine treatment. All 36 control patients had received lamivudine treatment, which was changed to/supplemented with adefovir for 12 patients, changed to entecavir for 1 patient, and changed to telbivudine for 1 patient. At the time of recruitment, case patients had a higher proportion of clinical liver cirrhosis and tended to have more advanced liver disease (lower serum albumin, higher serum bilirubin, worse clotting profile, lower platelet count) ( Table 1) . There were more patients infected by genotype C HBV among patients with HCC than controls but the difference did not reach statistical significance. The median time from diagnosis to HCC was 17 months, and 14 (34%) patients had HCC diagnosed during the first year of follow-up. The median number of serum samples available for the case patients was three, while nine (22%) case patients had only one serum sample for analysis. The control patients had a significantly longer follow-up duration (median, 92 months) and more serum samples (median, nine) for analysis than the case patients. All control patients were followed up for more than 12 months.
Relationship of HBV DNA and ALT with HCC. Patients who developed HCC had higher HBV DNA and ALT levels at the trough and the last visit than the control patients ( Table 1) . The higher HBV DNA at the last visit was accompanied by a higher proportion of HBeAg among patients with HCC. The peak and first HBV DNA and ALT levels had no association with HCC. Comparing the areas under the ROC curves, the trough log HBV DNA level offered the best prediction for HCC (0.79; 95% CI, 0.69 to 0.89; P Ͻ 0.0001), followed by the last log HBV DNA level (0.72; 95% CI, 0.62 to 0.81; P Ͻ 0.0001) (Fig. 1) . The areas under the ROC curves for the trough ALT level (0.66; 95% CI, 0.55 to 0.76; P ϭ 0.005) and the last ALT level (0.68; 95% CI, 0.57 to 0.78; P ϭ 0.002) were generally lower than those of the corresponding log HBV DNA levels (Fig. 2) . At the trough, more (27 patients; 66%) HCC patients had HBV DNA levels of Ͼ4 log copies/ml than control patients (17 patients; 21%) ( Table 2) . Although the median trough ALT level was within the laboratory limit for both case and control patients, significantly more HCC patients (29 patients; 71%) had serum ALT levels of Ͼ0.5 times the upper limit of the laboratory normal than the controls (31 patients; 38%). A similar but less contrasting difference between the two groups was observed for HBV DNA and ALT levels at the last visit.
To avoid the potential bias of occult HCC, we performed a sensitivity analysis on HBV DNA by excluding the 14 patients who developed HCC within the initial 12 months of follow-up. In this analysis, the trough log HBV DNA level (4.5 Ϯ 1.9 log copies/ml) of HCC patients was still significantly higher than that of the control subjects (2.9 Ϯ 1.2 log copies/ml; P Ͻ 0.0001). Fifteen of 27 (56%) HCC patients had trough HBV DNA levels of Ͼ4 log copies/ml (versus 21% in control patients; P ϭ 0.001). The log HBV DNA level at the first visit became statistically significantly higher among the HCC patients (6.7 Ϯ 1.4 log copies/ml) than the control patients (5.8 Ϯ 1.7 log copies/ml; P ϭ 0.024), but the peak log HBV DNA levels were still comparable between the two groups (7.3 Ϯ 0.8 log copies/ml in HCC patients versus 6.7 Ϯ 1.7 log copies/ml in control patients; P ϭ 0.23).
Relationship of HBV DNA and liver cirrhosis. As patients who had HCC tended to have more liver cirrhosis and more advanced liver disease than control patients, we further analyzed the independent effect of the trough HBV DNA level and presence of clinical liver cirrhosis on HCC. On multivariate analysis adjusted for age, gender, and antiviral treatment, the trough log HBV DNA level (odds ratio, 11.4; 95% CI, 3.6 to 37.6; P Ͻ 0.0001) and presence of liver cirrhosis (odds ratio, 11.4; 95% CI, 3.6 to 36.2; P Ͻ 0.0001) were independent factors associated with HCC. Patients who had either liver cirrhosis or trough HBV DNA levels of Ͼ4 log copies/ml had a moderately increased risk (odds ratio, 14.8 to 20.2), while patients who had both liver cirrhosis and high HBV DNA levels had a markedly increased risk (odds ratio, 201.5) of HCC ( Table 3) .
Effect of antiviral treatment on HCC. The effect of antiviral treatment on the trough HBV DNA levels and HCC is shown in Table 4 . Among patients who did not receive any antiviral treatment, HCC patients had significantly higher trough HBV DNA and ALT levels than the control patients. Thirteen HCC patients and 36 control patients had received antiviral treatment for 40 Ϯ 32 months and 58 Ϯ 31 months, respectively (P ϭ 0.092). Among patients who had received antiviral treat- ment, the differences in trough log HBV DNA and ALT levels between the HCC and control patients were less obvious. Numerically, the log HBV DNA was higher among the HCC patients, but the proportions of patients with undetectable HBV DNA were comparable between the two groups. Eight of 13 (62%) HCC patients and 20 of 36 (56%) patients without HCC had undetectable amounts of HBV DNA at the trough level (P ϭ 0.71).
Among the 41 patients who developed HCC, 13 of them received antiviral treatment and 28 patients did not. Treated patients have significantly lower trough log HBV DNA levels (3.0 Ϯ 1.4 copies/ml) than the untreated patients (5.7 Ϯ 1.4 copies/ml) (P Ͻ 0.001). However, all (100%) of the treated patients but only 14 (50%) of the untreated patients had liver cirrhosis (P Ͻ 0.001). Although the duration of follow-up was longer for the treated patients (54 Ϯ 33 months) than the untreated patients (24 Ϯ 31 months; P ϭ 0.004), there was no difference in their ages at the time of HCC development (53 Ϯ 7 versus 55 Ϯ 4 years; P ϭ 0.40). The male gender ratio (10 patients [77%] versus 24 patients [86%]; P ϭ 0.66) and levels of HBV genotype C (12 patients [92%] versus 21 patients [75%]; P ϭ 0.40) and first log HBV DNA (6.4 Ϯ 1.5 versus 6.5 Ϯ 1.4 copies/ml; P ϭ 0.87) were comparable between the treated and untreated patients.
DISCUSSION
In this case/control patient study among patients who were prospectively followed up before the development of HCC, we have provided supportive evidence that high HBV DNA and ALT levels were associated with a higher cancer risk. As we have studied the serial HBV DNA levels during the follow-up period and our control patients had a median follow-up of up to 8 years, we were able to demonstrate that the trough HBV DNA level was more important than the peak level or a random time point (such as the first or last visit) measurement to predict HCC. The impact of a high HBV DNA level on HCC was more prominent among patients who have not received any antiviral treatment, as reported by most of the previous studies (10, 11) . However, our results have cast a slight doubt on the effectiveness of antiviral treatment to prevent HCC as the difference of the trough HBV DNA levels, which reflected treatment efficacy, between the case and control patients became less obvious.
To study the effect of HBV DNA on HCC development, longitudinal studies with HBV DNA measurements well before the development of HCC are preferred. This study design was ideal but difficult due to the low incidence of HCC. The annual incidence of HCC was approximately 500 to 1,000 per 
a UD, undetectable; ULN, upper limit of laboratory normal. 100,000 patients in tertiary referral centers where the prevalence of active hepatitis and liver cirrhosis was much higher than that in the general population (7, 19, 25) . In most longitudinal series, a very large number of patients were studied with a long follow-up and yet only a small minority developed HCC (9, 10, 11). As the risk of HCC could be influenced by various host (age, gender), disease (ALT level, cirrhosis, antiviral treatment), and virus (HBeAg, HBV DNA, HBV genotype) factors, it was almost impossible to study the independent effect of HBV DNA at different time intervals in detail.
With the low event rate, it would be undesirable to study the entire cohort of patients as the statistical adjustment might overpower the model. To address these challenges, we have decided to study the newly diagnosed HCC patients in prospective databases against simultaneously recruited age-and gender-matched controls. Unfortunately, we were unable to match the liver cirrhosis status, treatment status, and HBV genotype due to the availability of patients in the database. Although the proportion of patients receiving antiviral treatment could not be matched, nearly all treated patients received lamivudine as the initial antiviral treatment, and the importance of the trough HBV DNA level remained significant after adjustment for the treatment factor. We were not able to match the follow-up as all patients were recruited at the same time frame while data for HCC patients were censored at the time of tumor development. In other words, patients with HCC inevitably had a shorter duration of follow-up and fewer clinic visits than the controls. As most Asian patients acquire HBV infection at birth or at a very early age, the matching of the age at the last visit has matched the duration of infection until HCC development. As liver biopsy was not a routine procedure, most patients lacked liver fibrosis scores for adjustment. Our small sample size might be the reason why we could not demonstrate the difference in HCC development between genotype B and C HBV infection (9, 10) . In line with previous reports, HBV DNA levels higher than 10,000 copies/ml were found to be associated with an increased risk of HCC in this study (9, 10, 11) . Furthermore, a high trough HBV DNA level was most significantly associated with an increased HCC risk. In other words, patients who had intermittent viremia and disease reactivation probably had a lower risk of HCC than others who had persistently active viral replication. The observation that HBV DNA and liver cirrhosis were independent risk factors of HCC with comparable odds ratios supported direct viral mechanisms for HCC in addition to liver necroinflammation and fibrosis (8) . On the other hand, the presence of liver cirrhosis is probably secondary to previous hepatic necroinflammation, which is an indirect effect of a high level of HBV replication. One particular point of note was that most HCC patients were HBeAg negative and in their 50s, as in other series. Although patients in these studies have been followed up for up to 10 years, we could at most draw the conclusion that a high HBV DNA level was associated with a higher HCC risk among middle-aged chronic HBV patients. Nonetheless, we believe that it would be inappropriate to extrapolate our findings to young immunotolerant chronic HBV patients who usually are positive for HBeAg and have very high HBV DNA levels (5).
ALT is a laboratory parameter commonly used to screen for disease activity of liver disease (17) . In HBeAg-negative, chronic HBV patients, elevated ALT levels are usually associated with more active disease progression (2, 26) . However, patients with ALT at a high range of reference levels were found to have increased liver-related mortality in a study of 142,055 healthy Korean individuals 35 to 59 years old in an insurance program (16) . In an Italian study, lowering the upper limit of the ALT normal standard to 30 IU/liter for men and 19 IU/liter for women could differentiate normal healthy subjects from those suffering from chronic hepatitis C and nonalcoholic fatty liver disease (24) . Among a cohort of 1,197 Chinese HBeAg-negative chronic HBV patients, ALT levels higher than 0.5 times the upper limit of the laboratory reference range were associated with an increased risk of liver cirrhosis (27) . In a large-scale longitudinal study in Hong Kong, a single ALT level between 0.5 and two times the upper limit of the laboratory reference range was associated with an increased risk of liver-related complications among chronic HBV patients in the subsequent follow-up (29) . In this study, we have shown that higher ALT levels, especially the trough ALT level, were also associated with increased HCC risk. Also, the risk started to increase when the ALT was greater than 0.5 times the upper limit of the normal laboratory reference range. Therefore, our results supported the need to reevaluate the normal range of ALT levels among patients suffering from chronic HBV. In most treatment guidelines, antiviral treatment was recommended when HBV DNA levels were elevated, particularly when there was clinical evidence of active hepatic necroinflammation and/or liver cirrhosis (15, 21, 23) . There was little controversy on the benefit of successful viral suppression for the prevention of hepatic decompensation and progression of liver cirrhosis (18, 20) . However, the lowering of HBV DNA levels by antiviral treatment did not seem to effectively prevent the development of HCC. In this study, patients who developed HCC also had a dramatic reduction of HBV DNA, though to a slightly lesser extent than the controls. One possible explanation was the delayed commencement of treatment after hepatocarcinogenesis had been triggered by the virus. In our patients, the mean duration of antiviral treatment prior to HCC development was only 40 months, and it might be too short to prevent HCC development. Another possible reason would be the carcinogenic effect of the integrated HBV in the host genome, which might not respond to viral suppression by antiviral treatment.
In summary, we have demonstrated that high levels of HBV DNA at the trough, which reflected a persistently active viremia, were associated with a higher risk of HCC, independent of the presence of liver cirrhosis among middle-aged chronic HBV patients. Whether antiviral treatment commenced at this time of life could effectively prevent the development of HCC was uncertain. Our findings raised a query about the optimal timing of commencement of antiviral treatment. Future studies should address whether antiviral treatment should be started at an earlier age among patients who failed to clear the virus spontaneously before histologic evidence of severe fibrosis or cirrhosis has set in. And we recommend close HCC surveillance for patients at high risk even if they have good response to antiviral treatment.
